Beginning in 1992, tailor-welded blanks (TWBs) were used in the United States automotive industry to consolidate parts, reduce tolerances, save weight, and increase stiffness. This business is expanding rapidly; more than $500 million of annual TWB sales are expected by 1997. Welds in steel are generally stronger than the base material, such that weld failure by preferential localization is not a critical issue. However, the forming characteristics of TWBs must be understood in order to design and produce high-quality parts with reasonable production and tooling costs. Three formability issues were addressed in this study: the intrinsic ductility and relative formability of three weld types (CO2 and Nd:YAG laser welds and mash-seam welds with and without mechanical postweld processing); the value and correspondence of mechanical tests to each other and to press performance; and the prediction of the forming behavior using the fnite element method (FEM). Two failure modes for TWBs were identified. While the local ductility of welds can differ greatly, little difference in press formability was measured among the weld types. More important than weld ductility are the changed deformation patterns which depend on the differential strength but depend little on local weld properties. Finite element method (FEM) simulations of dome tests and scale fender-forming operations show good agreement with measurements, as long as boundary conditions are known accurately. The importance of weld-line displacement is discussed and several simulations are compared with experiments.
I. INTRODUCTION
A tailor-welded blank (TWB) is comprised of two or more sheets that have been welded together in a single plane prior to forming. The sheets can be identical or they can have different thicknesses, mechanical properties, or surface coatings. They can be joined by various welding processes, i.e., laser welding, mash-seam welding, electronbeam welding, or induction welding.
The advantages of such a process are numerous. Thirty to 50 pct of the sheet metal purchased by some stamping plants ends up as scrap; scrap which can be used for new blanks with TWB technology, m Alternatively, TWBs can be constructed leaving unused area open, thus minimizing offal directly. Part consolidation, made possible by distributing material thickness and properties, allows for reduced costs and better quality, stiffness, and tolerances. Tailorwelded blanks also provide greater flexibility for component designers. Instead of being forced to work with the same gage, strength, or coating throughout an entire part, different properties can be selected for different locations on the blank. In some cases, for example, differential coating thickness is employed.
There have been only a few published results on the formability of TWBs. Azuma et al. [21 studied the behavior of TWBs in three standard forming operations: stretch forming, stretch flangeability, and deep drawability. In stretch forming, the weld bead ductility is the limiting factor when the weld is oriented parallel to the major stretch Radlmayr and Szinyu~ 5j evaluated the formability of TWBs using the Nakazima test (100-mm hemispherical dome stretch) and the uniaxial tensile test. The results of the Nakazima test were very similar to the projection results of Azuma et al. Radlmayr and Szinyur also investigated the influence of welding speed on formability, and they found that increasing the welding speed increased the formability. Tensile tests showed that the presence of the weld increased the strength of the tensile specimen. After wire eroding away the base material, the mechanical properties of the weld bead were measured. The yield strength of the weld bead varied between 450 and 570 MPa, while the tensile ductility varied between 4 and 7.5 pct.
Shi et al. [6] enumerated formability issues in TWBs. In a comparison of the laser and mash-seam welding processes, it was found that mash-seam weld beads were more ductile. The weld bead had less ductility than the base material, so it was recommended that the weld bead should not be oriented parallel to the major stretch axis for optimum performance. However, if the weld is oriented normal to the major stretch axis, the difference in load-bearing capacities of the base materials will result in the weld moving toward the stronger material and localizing the strain in the weaker base material.
Wang et al.
[71 determined the stress-strain behavior of the actual weld bead for various combinations of thickness and strength for laser and mash-seam welds. They determined the properties of the weld bead by compensating for the The laser welds were significantly stronger than the base materials, while the mash-seam weld bead had similar properties to the higher strength materials. These studies present a wide range of information about welded sheet materials, but there is not a clear understanding of the factors which influence the overall press formability of TWBs. A better understanding is needed of the failure criterion for TWBs, the influence of the welding process on the overall formability, and the influence of weld location on formability.
These issues are addressed in the current study. Laser and mash-seam welded blanks of steel sheets with different strength and thickness were tested using laboratory sheetforming tests to compare the formability of weld types and to investigate the role of deformation mode and loading condition, A full three-dimensional (3-D) stretch-draw experimental analysis of a scaled-down automotive fender was conducted using the hydraulic forming simulatot~ 8,91 to investigate the forming behavior of a TWB under realistic conditions. The forming tests and the scale fender were simulated with the FEM in order to assess problems with such simulation and to identify the important factors in overall press formability.
II. EXPERIMENTAL PROCEDURES

A. Base Materials
Two combinations of base materials were used. A 1.8-mm aluminum-killed drawing quality (AKDQ) steelIlOl was joined to a 2.1-mm high-strength low alloy steel (HSLA), 1~~ and a 0.8-ram AKDQt~Oj was joined to a 1.8-mm AKDQ. The chemical compositions and the mechanical properties for these alloys, as reported by the materials supplier, tl0j are listed in Tables I and II . The HS2.1/AK1.8 combination was chosen specifically because it is a proposed combination for an automotive engine compartment rail, while the AK0.8/AK1.8 was chosen because it is being used for an automotive door inner panel.
B. Welding Processes
Two laser welding processes were used: CO2 gas and solid-state Nd:YAG laser. The CO2 laser welding was performed by Armco Research and Technology tlq and the YAG laser welding was performed by Hobart Laser Products. 1121 The welds were made at 2000 kW with He gas (35 SCFH) and a lens focal length of 125 mm. The AK0.8/AK1.8 was welded at 5 m/min and the HS2.1/AK1.8 at 2.5 m/min.
Mash-seam welding was performed by Newcor Bay City. 1131 Along with a simple mash-seam weld, two kinds of postprocessing were also evaluated: planishing and hot planishing. Planishing is a rolling process to level the weld overlap region to a thickness approaching that of the surrounding material, by plastically deforming the bead between rotating wheels. The deformation induces cold work and decreases ductility. In order to improve the ductility, Newcor developed hot planishing, which involves a stressrelieving operation following the rolling.
C. Experimental Forming Analysis
The experimental forming analysis consisted of four testing methods: uniaxial tensile testing, optimized OSU formability test, a full-dome test based on limiting dome height (LDH) geometry, and the scale fender-forming operation.
For uniaxial tensile tests, two types of tensile bars were used; the ASTM t141 standard 50.8-mm gage length tensile specimens with a width of 12.8 mm and subsize specimens with a 25.4-mm gage length and 6.4-mm width. The standard specimen was used for the base materials, while the welded samples were tested with both 25.4-and 50.8-ram specimens. In all cases, the weld line was oriented parallel to the tensile axis. A nominal strain rate of 5.0 • l0 -4 s -l and an extensometer with 25.4-mm gage length were employed.
The optimized OSU formability testVS-~91 and the LDH testt2oJ experimental procedures are nearly identical. The dimensions of the optimized OSU formability test blanks were 114 by 127 mm, where the 114-mm dimension was parallel to the major stretch axis and the weld line. The LDH test blanks were originally 133 by 178 ram, with the 178-ram dimension lying parallel to the weld line and the major stretch axis. However, the displacement-free boundary conditions for the LDH test could not be enforced (especially for mash-seam blanks), so 178 by 178 mm blanks were employed to obtain a full dome stretch, where the weld line was parallel to one of the edges. The geometries of the two formability tests are shown in Figure 1 .
For testing the AK0.8/AK1.8 blanks, the die contact in the thinner material was shimmed using l-ram sheet de-
